A combined experimental and numerical program was conducted to study the in-plane shear behaviour of hollow concrete masonry panels containing reinforced grout cores. This paper is focused on the numerical program. A two dimensional macro modelling strategy was used to simulate the behaviour of the confined masonry (CM) shear panels. Both the unreinforced masonry and the confining element were modelled using macro masonry properties and the steel reinforcement was modelled as an embedded truss element located within the grout using perfectly bonded constraint. The FE model reproduced key behaviours observed in the experiments, including the shear strength, the deformation and the crack patterns of the unconfined and confined masonry panels. The predictions of the validated model were used to evaluate the existing in-plane shear expressions available in the national masonry standards and research publications.
Introduction
Earthquake and severe tropical cyclones (typhoons) are the major natural disasters, facing the mankind; designing buildings to withstand to these natural disasters requires careful attention to the potential for higher demand of in-plane shear load and brittle shear failure. Where the demand exceeds the capacity of the shear walls, the entire building may be destroyed allowing less time to dwellers to evacuate. The in-plane shear analysis usually considers the slabs as rigid diaphragms to distribute the lateral forces to shear walls.
Masonry is perhaps the least understood oldest major construction material as far as its structural in-plane behaviour is concerned. Unreinforced Masonry (URM) buildings are designed mainly for gravity loads and their capacity to in-plane load is generally inadequate.
To overcome this inadequacy, a grid of horizontal and vertical reinforced grout elements that break a large masonry wall into smaller panels can be introduced; these elements can effectively confine URM panels. This type of masonry wall construction, known as confined masonry, is shown to outperform other types of masonry constructions in seismic zones [1, 2] . In this type of construction the unreinforced masonry panels with specific recesses for placing reinforcement is constructed first followed by pouring concrete into these recesses.
This type of construction has similarity to partially grouted (or wide spaced reinforced) masonry shear walls adopted in Australia and most parts of North America [3, 4] . The load resisting capacity of the confined masonry is maintained until the masonry panels experience severe cracking. Significant lateral deformation and ductility can thus be attained before the collapse.
The in-plane shear capacity of the walls can be determined using cost-effective numerical tools because such tools can be useful to model walls with differing parameters that can be evaluated through standard testing on masonry sub-assemblages (as against full scale structural walls).
The diagonal compression test is an elegant and adequate approach to evaluate the masonry properties [1, 5, 6] . It is also widely being used to evaluate the effectiveness of damaged/ undamaged panels strengthened using different techniques [7] [8] [9] . The diagonal compression test results have also been used to validate the Finite Element (FE) models [8, 10] . Generally the diagonal compression test panel failures are more brittle than those observed in shear wall tests; therefore, they can be considered as lower bound (conservative) testing method.
Numerical studies on masonry shear walls have been carried out in two different levels; a) micro level, and b) macro level. The micro modelling is devoted to develop reliable interface deformation and failure mechanisms through the theories of plasticity or fracture mechanics.
Using multi surface plasticity models Lourenço and Rots [11] , Gambarota and Lagomarsino [12] , and van Zijl [13] successfully predicted the inplane shear capacity of horizontally loaded walls.
Using the model developed by Lourenço and Rots [11] , Petersen et al. [8] attempted to validate diagonally loaded URM panels (with and without FRP strengthening) in DIANA platform and succeeded in predicting the peak load but failed to predict post peak behaviour; they could not predict the brittle failure exhibited by the diagonally loaded URM panels in the experiment using their FE model, which reported ductile response unconservatively. Similar 2-D micro modelling attempt was made by Gabor et al. [10] for diagonally loaded URM panels that resulted in similar outcomes as that of Peterson et al. [8] .
Sousa et al. [14] developed a 3-D approach using similar micro modelling concept for diagonal loaded URM panels; again their FE model exhibited higher ductile response than that of their experiment test results. Despite the prediction of peak load capacity of diagonally loaded wall panels, this micro modelling technique is quite laborious and require careful definition of contact interfaces; when considering hollow block grouted masonry, there are far too many interfaces and this approach becomes impractical if not impossible.
The macro modelling technique can be applied to large size masonry walls with ease. The downside is that it requires homogenised material properties. To date, no attempts were made to simulate the response of the diagonally loaded hollow concrete masonry panels using macro modelling technique. This paper contains the details of an adapted macro modelling approach for unconfined and confined masonry panels tested under diagonal compression, which successfully predicted the failure mode, shear strength and deformation characteristics.
Empirical formulae are provided in many national masonry standards [15] [16] [17] [18] and research papers [19, 20] for reinforced masonry shear capacity prediction. Most of these design expressions are formulated from small scale tests conducted in the laboratories and/ or based on the experience of designers. The Australian Masonry standard (AS3700) [16] has attracted many criticisms from researchers as its predictions remain highly un-conservative [4, [21] [22] [23] .
Relatively, the predictions made by MSJC-2008 [15] , CSA:S304.1-2004 [17] and NZS4230-2004 [18] are less criticised, in few occasions their predictions are reported as reasonable for small experimental walls [24] . These criticisms may be attributed to the inherent variability in masonry and the large number of parameters that affect the behaviour of shear walls. This paper describes calibration of a macro modelling method from the response of diagonally loaded unconfined and confined masonry panels determined from experiments and then using the FE model to predict the behaviour of horizontally loaded reinforced masonry shear panels. The predictions of the validated model were used to evaluate the existing inplane shear expressions available in the national masonry standards and research publications.
Experimental program
A testing program was undertaken to calibrate the FE model. These testing programs contained 55 small scale test specimens to characterise the material properties of the masonry assemblages. Four diagonally loaded unconfined and confined masonry panels were tested to validate the FE model predictions. All these test specimens were constructed using half scale hollow blocks of dimensions 185mm 90mm 90.5mm (length height width) manufactured in Canada and imported to Australia.
Characterisation of Materials
All material tests were carried out on half scale specimens. All specimens were tested in 14 days except the grout cylinders (which were tested on the 28 th day). First 7days were cured under control environment then next seven days were allowed air curing. The mortar thickness was reduced to 5mm and hence the fine aggregates used in the mortar were scaled down accordingly. In the grout, 10 mm aggregates were used with scaled down fine aggregates. Very high slump value of 260mm was used in order to self-compact the poured grout into hollow masonry recesses. The compressive strength of the grout ( c f ) was determined from 12 specimens tested in accordance with AS3600.
The block unconfined compressive strength (  ) was conducted from 12 and 6 prisms (4 bricks high masonry sub assemblages), respectively in accordance withAS3700 [16] 
In which  is ratio of block height to mortar thickness. The mean results of the masonry constituent materials and assemblages along with the obtained minimum and maximum values are reported in Table 1 . 
Panel specimens
This experimental program consists of two unconfined masonry panels and two confined ASTM-E519-02 [25] does not suggest diagonal compression test for confined masonry.
However, it should be noted that this testing was used more as a proof of concept of the appropriateness of conducting diagonal compression tests for confined masonry panels rather than estimating their shear parameters. The reinforcement (iN12) was placed at the center of each grouted core to eliminate eccentricity. The pouring of grout in the edge recesses was carried out during the construction of the masonry panels.
Test set-up
ASTM-E519-02 [25] standard guidelines were used to design the test set-up. This test procedure provided simple means of producing diagonal cracking and sliding failure modes in order to validate the FE model. Displacement controlled loading was applied to study the softening behaviour. The displacement was applied at a rate of 1mm/min. From the actuator sensors, applied diagonal force and the displacement were recorded. The test set-up is shown in Fig. 3 . 235 kN each dual synchronised hydraulic actuators were used. Potentiometers were attached on both sides of the panels as shown in Fig. 4 . The average responses were controlled string pots; they measured the diagonal displacement of the panels. These readings were used to estimate the shear modulus.
Numerical implementation
FE modelling approach is discussed in this section. This FE analyses were performed using ABAQUS/Explicit [26] macro modelling VUMAT adapted from Haider [21] . The panels were modelled in two dimensions using plane stress elements to study their in-plane shear behaviour.
Masonry model
The hollow masonry was modelled using smeared properties of all of its components. Using this approach, the pre-peak and post-peak responses of the masonry panel were studied until the ultimate failure of the panel occurred. This model can be used to model large walls with ease as long as the appropriate material properties of the smeared masonry is known as a priori to uncover the effect of confinement of the grouted reinforced element to the unreinforced masonry panels in large walls; such information will be of significant practical value and can potentially eliminate the un-conservativeness of the analytical expressions provided in the national masonry design standards.
The anisotropy of masonry composite arose from the geometrical arrangement of units and mortar in a typical wall. Several researchers have carried out experimental investigations to identify the failure surface for masonry panels under uni-axial and bi-axial conditions [27, 28] . Seim [29] and Lourenço et al. [30] adopted modern plasticity theories to analytically formulate the yield surfaces for masonry.
The multisurface plasticity model proposed by Lourenço [31] was adopted for masonry modelling. For the compression, hill type failure surface was adopted, as shown in Fig. 5 . For the tension Rankine type failure surface was adopted as shown in Fig. 6 .
One of the major disadvantages of macro modelling is that incorporates smeared crack modelling which causes localisation leading to mesh size dependence (or, mesh pathology).
A multi-dimensional non-local theory to cater for the orthotropy of the masonry would be more complex and hence a single length parameter is used to compensate for the mesh pathology. As masonry component consists of mortar joints and units, each element of the mesh should encompass some part of the mortar and block to provide physically consistent results.
Masonry was modelled using four node bilinear reduced integration plane stress continuum elements (CPS4R). Due to selected reduced integration, the hourglass control was activated which enabled the hourglass energy that lies within the 10% of the internal energy of the system. Effective thickness of the hollow masonry was 31.5 mm and that of the grouted masonry was 95mm. The properties of hollow masonry are listed in Table 2 . By conducting mesh convergence analyses, it has been found that a mesh dimension of 110mm×95mm is optimal; this size represents half size block with head and bed joints. 
Grouted cores
This paper treats the grouted cores (combination of masonry block shells, mortar and grout)
as an anisotropic continuum. Hence, they are treated with similar material properties as that for the hollow masonry detailed in Section 3.1). However their numerical values are different from that of the hollow masonry. The parameters obtained from material testing are presented in Table 3 . For the grouted element the mesh dimension of 95mm×95mm was selected to represent a grout effective width and one block height with mortar.
Reinforcement
Reinforcement bars were modelled using wire feature associated with truss element. A limited compression of 1MPa was allowed in the steel reinforcement since the reinforcement located in the grout would not resist compression load at the absence of lateral ties. These truss elements were embedded in CPS4R element representing masonry grout. Truss elements were two node linear elements denoted by 'T2D2' in ABAQUS. Since the compression stress in steel is limited to just 10MPa (due to lack of lateral steels), only tension was active on the steel reinforcement. A VUMAT subroutine written in FORTRAN was adapted for this purpose [21] . Nine parameters were used to represent the steel reinforcement material model. Fig. 8 shows the stress-strain curve of steel reinforcing bars.
Explicit analysis
Explicit analysis method reported in ABAQUS [26] was adopted for the current problem because it deals with highly non-linear materials degradation process and complex mechanism of failure. Material degradation often leads to severe convergence difficulties in standard implicit analysis programs, but ABAQUS/Explicit method is capable of handling such degradation adequately. More details about the explicit formulation for reinforced masonry can be found elsewhere [32] . 
Calibration and Validation
The conditionally stable explicit was calibrated with material, geometric (mesh) and timestep parameters such that the kinetic energy of the system cannot exceed 10% of the internal energy of the total system. The geometric details and meshing are shown in Fig. 9 . The corresponding energy plots are shown in Fig. 10(a) and Fig. 10(b) .
It is clear from Fig. 10(b) that whenever the kinetic energy is suddenly increased, a drop of load is exhibited, which indicates the formation of crack. At a displacement near 8 mm considerable amount of kinetic energy dissipation was noticed with corresponding drops in load which indicates the formation of major cracks prior to termination of the analysis. It can be seen from Fig. 10 (b) that the kinetic energy was kept very low relative to the internal energy. It can therefore be seen that the inertia effect was successfully minimised hence the model could exhibit closer behaviour to that of the statically loaded experiment walls. For all analysed walls the kinetic energy was ensured within 10% of the internal energy. The actual meshing used for UCM is shown in Fig. 11 . In which, the bottom shoe is denoted as 'Support' and Loading shoe is denoted as 'Loading'. In the Support all vertical and horizontal displacement degrees of freedom (DOF) were arrested whereas in the Loading the vertical DOF was released whilst arresting horizontal movement. The loading was applied as same as experimental at a rate of 1mm/min. The material calibration was carried out for UCM panels.
The calibrated parameters for UCM panels are shown in 
The average strain at compression failure ( p  ) of 0.001 was obtained from experimental test results. The modulus of elasticity perpendicular to bed joint ( hmc E  ) was obtained through test results and perpendicular to bed joint ( hmc E ) was found using the similar ratio as of UCM, considering similar anisotropic nature exist in the grouted masonry. For the Poisson's ratios a value of 0.22 was considered [21] . Further to shear stress-displacement validation, the failure mode was also validated.
ABAQUS graphic user interface could not show cracks explicitly. Therefore, logarithmic strain plot was chosen as representative of the cracks. Fig. 14(a) shows vector plots of the logarithmic principal strains of the panel at failure whereas Fig. 14(b) shows the failure of the UCM experimental panel. The general diagonal splitting failure was experienced in the UCM panels. Simulated FE model exhibited a principal tensile logarithmic strain of 660μ and principal compressive logarithmic strain of -1,400μ at a diagonal displacement of 1mm.
With further loading the failure occurred at a 4.3 mm diagonal displacement at which the principal tensile logarithmic strain was 18,000μand principal compressive logarithmic strain was -6,600μ. The compressive strain has enhanced by 4.7 times while tensile strain enhanced by 27 times which indicates the diagonal tensile split of the panel. At the failure displacement of 5.4mm, the principal tensile logarithmic strain was 42,000μ
and principal compressive logarithmic strain was -28,700μ. Very high principal tensile strain indicates cracking at those points.
At the peak load of both URM and CM panels, the principal tensile logarithmic strains were between 17,900-18,000μ. With further loading URM panel lost its ability to withstand any further loading and failed through diagonal splitting. However, the CM panel withstood further loading as shown in Fig. 13 . It is also worth to mention that, in Fig. 15(a) FE model prediction of the shear strength of panels (reported in section 5) were used to evaluate the existing in-plane shear expressions.
Shear strength
Six empirical shear strength expressions for reinforced masonry considered in the study,: (1) MSJC(2008) [15] , (2) AS3700(2011) [16] , (3) 
The MSJC (2008) 
Matsumura(1988) developed Eq. 7 based on own test results and other tested walls in Japan.
A regression analysis was used to identify the parameters represented in Eq.6; where k u accounts partial grout, k p accounts vertical reinforcement, δ accounts type of loading and γ accounts the action to confine grout. This expression also accounts the effect of aspect ratio.
Only the vertical reinforcement provided by the edge bars is considered. 
These empirical formulas are derived for the walls that are loaded in the horizontal direction whilst the bottom masonry layer is fully restrained (refer Figure ) . The masonry panels loaded in the diagonal direction cannot be directly evaluated using these formulas. The validated FE model using diagonally loaded panel test results was used for the analysis of a 850mm square cantilever reinforced grout confined masonry panel; its in-plane shear capacity was evaluated (V FE ). The ratio of empirical formula prediction (V n ) with FE model prediction (V FE ) for different equations is shown in Fig. 16 . A value of Vn/V FE above unity is unconservative. A value of Vn/V FE equals to one indicates exact prediction of in-plane shear capacity; less than unity yield conservative prediction of empirical formulae.
For the calculation of V n no horizontal reinforcements were considered since there was no effective horizontal reinforcement. Two horizontal reinforcements (1N12 reinforcement in each grout) were placed in the top and bottom grout which are considered ineffective. The Australian Masonry standard is highly unconservative, consistent with the conclusions made by Shrive [4] , Dhanasekar [22] and Mosele [23] . Even though no provisions have been made in the standard for the ineffective reinforcement the empirical formula of in-plane shear capacity was considered without any horizontal reinforcement terms. In the absence of accounting ineffective reinforcement, it over predicts the capacity by 70%.
Since the ineffective reinforcement was not considered in the evaluation of capacity using existing in-plane shear expressions, it is important to examine the tensile stress level induced in the ineffective reinforcements. Fig. 17 shows the tensile stress of the reinforcement (N12) located in aspect ratio (λ) of 1 panels along its length at two different stages; i) at the peak load stage of the panel and ii) at the ultimate failure load stage of the panel. Two ineffective locations of the reinforcements are considered; i) Loading-where reinforcement located in the grout located near loading and ii) Support-where reinforcement located in the base grout.
The graphs are denoted by its loading stage followed by its location (for example, tensile stress of reinforcement located near loading at peak load is denoted as "Peak_Loading"). 
Equations
It is noted that there were no yielding reported in the reinforcement (yield strength-500MPa).
The Loading reinforcement is active near the heel side whereas the Support reinforcement is active near the toe side. It also should be noted that the horizontal reinforcements appeared to be more effective at the failure compared to the peak load which probably reduce the brittle failure of the wall. At the peak load only 20% of the yield strength was experienced by the reinforcement.
Furthermore analysis was conducted on λ of 0.8 panels and 0.65 panels to identify tensile stress on the reinforcement. Since the reinforcement contribution to enhance in-plane shear capacity was our major concern, only the tensile stresses of the reinforcement at the peak load capacity of the panels are reported in Fig. 18 . The graphs are denoted by its reinforcement location followed by its panel aspect ratio (for example, an aspect ratio of 0.8 panel's tensile stress of reinforcement located near loading is denoted as "Loading_λ=0.8"). There was no yielding found at any stages of peak load capacity of the panel. Therefore, it is conservative to disregard any contribution from these ineffective reinforcements for the calculation of inplane shear capacity. 
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Conclusions
A macro FE model in explicit framework developed for wide spaced reinforced masonry was adapted to simulate the behaviour of diagonally loaded unreinforced unconfined masonry and reinforced grout confined masonry panels. It is shown that the FE model is effective in determining the shear strength, failure mode and post-peak deformation characteristics of the masonry panels. Two sets of tests were carried out; i) characterisation of materials and ii) diagonal test on masonry panels. 55 small specimens and masonry sub assemblages were tested to characterise the material and 4 masonry panels-consisting two panels each of unreinforced masonry and confined masonry configurations were tested. Complete set of material properties that enabled the prediction of the response of masonry panel have been provided in this paper.
The following conclusions were drawn from the study. 
